
Particulate matter (PM) is a complex mixture of parti-
cles suspended in the air that vary in size and compo-
sition. Epidemiologic studies over the last decade have
reported associations between short-term increases in
exposure to PM and increases in morbidity and mortal-
ity, particularly among those people with respiratory or
cardiovascular disease. On the basis of these findings,
many governmental agencies have reevaluated regula-
tory standards or guidelines for levels of PM in the air.

Recent studies funded by HEI and other agencies have
corroborated and extended the associations found in
the earlier studies. The recent epidemiologic studies
and studies of controlled exposure to PM in humans
and other species have begun to provide information
about critical issues in PM research: [A] the size and
chemical composition of particles that may cause
harmful human health effects, [B] the potential biologic
mechanisms of PM effects that underlie the epidemio-
logic associations previously reported, and [C] the
groups of people that may be particularly sensitive to
the effects of PM. Progress has been made in addressing
these issues. Nevertheless, to inform future regulatory
discussions on control strategies, a systematic research
effort is required to develop a better understanding of
the health effects of different components of the PM
mixture and the mechanisms of PM effects.

Introduction

Over the past decade, many epidemiologic studies using
advanced statistical techniques have shown an associa-
tion between exposure to small, short-term increases in

PM levels and increases in daily mortality and symp-

toms of certain illnesses (1–3). For example, they have

shown an increase in death due to respiratory and

cardiovascular diseases and a worsening of symptoms in

people with asthma. These “time-series” studies were

conducted in a variety of locations; most studies meas-

ured PM levels below the regulatory standards set in the

United States and Europe to protect the public's health

and particularly those populations considered to be

most at risk from the effects of PM (see Sidebar 1).

“Cohort” studies (studies of specified populations) over

prolonged time periods in different communities have

reported associations between long-term PM exposure

and increased death rates due to cardiovascular disease

as well as an increased incidence of respiratory disease

(4,5). Generally, in both short-term and long-term stud-

ies, the magnitude of the effect of PM exposure was

small—much smaller than the effects of tobacco smoke

on disease that have been reported in similar epidemio-

logic studies. Widespread exposure to particles, never-

theless, may significantly affect public health.

It has been known for decades that short-term exposure to

high levels of PM air pollution is associated with increases

in the number of deaths in the region (eg, in air pollution

episodes such as the thick London fogs of the 1950s).

However, the interpretation of data from the recent time-

series studies, in which people were exposed to much

lower levels of air pollution, has been debated. The first

issue of HEI Perspectives, “Airborne Particles and Health:

HEI Epidemiologic Evidence” (6), presented evidence from

HEI-funded epidemiologic studies that addressed questions

about the interpretations of the recent time-series studies.
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The issues raised include: inadequate control in analyses for other risk
factors that could affect mortality and may be correlated in time with PM
exposure (such as weather, influenza epidemics, or other air pollutants),
the use of area-wide measurements of exposure rather than individual
measurements for each member of the study population, and the lack of
supporting evidence from toxicologic studies. The first HEI Perspectives
concluded that “epidemiologic evidence of PM's effects on mortality
and morbidity persists even when alternative explanations have been
largely addressed,” but that many questions remain concerning the asso-
ciation between exposure to PM and adverse health effects.

The recent findings from time-series and other new studies are informing
efforts by public agencies in the United States, Europe, and Asia to revise
and/or retain their ambient air quality standards for inhalable particles.
On the basis of these findings, those agencies are also taking initial regu-
latory actions to control particle emissions. Even as these reviews and
regulatory actions are taking place, scientists and policy experts are
focusing on a further set of key questions about the toxicity of different
components and characteristics of the particle mixture, which vary
depending on the source of the particles. Air quality regulations in the
United States and other countries are generally based on measurements
of particle mass in broad size ranges (Sidebar 1). In the longer term, stan-
dards that are more sharply focused (eg, to cover a narrower size range or
to target specific chemical components) may be equally or more effective
than broader standards in controlling emissions of toxic particles and
may affect fewer types of sources of emissions. They also may enable
certain industries to control specific components of emissions to meet a
regulatory standard. Research by HEI and others is building knowledge to
inform these future regulatory decisions.

This issue of HEI Perspectives considers results from recent epidemio-
logic and toxicologic studies funded by HEI and others to assess
progress in answering the critical question: What attributes of particles
are associated with toxicity? and the intertwined questions related to it:
How do particles cause adverse effects and which population
subgroups are particularly susceptible? It concludes by pointing out the
need for a major systematic research effort aimed at understanding
which PM sources pose the greatest risk to human health.

What Are the Sources of Airborne Particles?

The sources of PM are numerous; naturally occurring processes and
human activities all contribute to total ambient PM. Naturally occurring
PM includes dust from the earth's surface (crustal material), sea salt in
coastal areas, and biologic material in the form of pollen, spores, or
plant and animal debris. In some rural areas, periodic forest fires
produce large amounts of PM. In urban environments, particles arise
mainly as a result of combustion from mobile sources such as cars,
buses, ships, trucks, and construction equipment, and from stationary
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sources such as heating furnaces, power plants, and
factories. Near highways, motor vehicle emissions may
dominate the pollution mixture, but in other locations
emissions from a power plant or steel mill may be the
main source of particulate pollutants. A significant frac-
tion of PM, referred to as secondary particles, is
produced by chemical reactions in the atmosphere;
nitrogen oxides, sulfur dioxide, and organic
compounds react with ozone and other reactive mole-
cules (including free radicals) to form nitrates, sulfates,
and other particles.

People are also exposed to PM indoors, mostly from
cigarette smoke, home heating sources (such as wood-
burning stoves), and cooking, but also from outdoor PM
sources that easily penetrate the indoor environment.
Indoor exposure may be substantial because this is
where most people spend the majority of their time.
However, when outdoors, people tend to be more active,
which increases respiration. Active people may inhale a
larger amount of pollutants because they inhale a larger
amount of air in any given time period than people who
remain indoors. Studies by HEI and others are under
way to better understand the contribution of indoor and
outdoor sources of PM to total exposure.

What Are the Physical and Chemical
Characteristics of Particles?

PM is a complex mixture of solid and liquid particles.
This mixture can vary greatly in size, composition, and
concentration, depending on the sources generating the
particles and such factors as geographic location,
season, day, and even time of day.

Size

The size of ambient air particles ranges over a wide
scale, from approximately 0.005 to 100 µm in aerody-
namic diameter (that is, from the size of just a few
atoms to about the thickness of a human hair).
Researchers have defined size categories of these parti-
cles differently. Figure 1 shows that the distribution of
particles measured in urban air falls into three main
modes based on their aerodynamic diameter: nuclei
mode (smaller than about 0.1 µm), accumulation mode
(between approximately 0.1 and 1 µm), and coarse
mode (larger than 1 µm). Other definitions of these
particles used in health effects studies and for regula-
tion are: ultrafine particles, smaller than about 0.1 µm
in aerodynamic diameter (corresponding in size to
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SIDEBAR 1. REGULATING LEVELS OF PM

Since 1971 the US EPA has set limits, known as the
National Ambient Air Quality Standards (NAAQS), on
daily and annual average concentrations of particles in
the air. Since 1997, two sizes of particles have been
regulated: PM2.5 and PM10 (particles smaller than 2.5 µm
and 10 µm in aerodynamic diameter, respectively; see
text for further details). PM2.5 is a subset of PM10 but is
regulated separately to ensure that the smaller parti-
cles, which have less mass but may be more toxic, are
adequately controlled.

The Table shows the current US standards set in 1997,
standards set or proposed separately by the state of
California, and the similar “Limit Values” set by the
European Commission for its member states.These agen-
cies have set annual and daily standards. For the EPA, for
example, the annual standard is met when the 3-year aver-
age of the mean PM concentrations measured by moni-
tors in a community is less than or equal to the number
indicated; the daily standard is met when the 3-year aver-
age of the 98th or 99th percentile of 24-hour PM concen-
trations at each monitor in a community is less than or
equal to the number indicated. Standards for PM, meas-
ured in many different ways, have also been set in Japan,
China, India, and other countries.

PM Standards

Time Period
PM10

(µg/m3)

PM2.5

(µg/m3)

United States 
EPAa

Daily 150 65

United States 
EPAa

Annual 50 15

California Daily 50 Under 
discussion in 

2002
California Annual 20 12 (Proposed 

in 2002)

European
Unionb

Daily 50 Not set

European
Unionb

Annual 20 Not set

a Under revision.
b To be met in 2010 (t o be reviewed in 2003).



nuclei-mode particles); and fine particles, smaller than
1 µm in aerodynamic diameter (containing all of the
nuclei-mode and accumulation-mode particles). Finally,
the categories currently used by the United States
Environmental Protection Agency (EPA) and other agen-
cies in the regulation of ambient PM are PM2.5 and PM10,
which refer to particles with aerodynamic diameters
smaller than 2.5 µm and 10 µm, respectively.

Ultrafine particles do not last long in the atmosphere. They
tend to form fine particles either by coagulating (two or
more small particles combining) or condensing (gas mole-
cules condensing onto a solid particle). They are always
present in the ambient air at some level, however, because
they are constantly generated from combustion sources.
Fine and ultrafine particles are formed mostly by emissions
from combustion processes. By contrast, coarse particles are
generated mainly by mechanical processes that break down
material from a variety of noncombustion sources into dust.

As Figure 1 also illustrates, the largest particles (coarse
particles in particular) form the highest proportion of the
mass of ambient particles; the smallest, ultrafine particles,
comprise only 1% to 8% of this mass. Ultrafine particles,
however, are present in very high numbers, and, in a
fixed volume, have greater total surface area than larger
particles.

Size determines how likely different particles are to
deposit in different parts of the respiratory tract. At
the extremes, particles larger than about 10 µm in
aerodynamic diameter are deposited almost exclusively in

the nose and throat, whereas fine and ultrafine particles
are able to reach the alveoli (air spaces) deep in the lungs.
Generally, the smaller the particle, the greater the likeli-
hood that it will penetrate deeper into the airways.

Fine and ultrafine particles also may carry toxic compo-
nents into the deep lung. Because smaller particles are pres-
ent in greater numbers, they have a greater total surface area
than larger particles of the same mass; the toxic materials
carried by small particles, especially ultrafine particles,
may be more likely to interact with cells in the lung than
those carried by larger particles. Thus, some scientists
have proposed that ultrafine particles are especially toxic.

Composition

The composition of PM varies greatly and depends upon
many factors, including source, climate, and the topogra-
phy of the locale. In the United States, for example, nitrates
tend to predominate in the west, whereas sulfates predomi-
nate in the east; in addition, sulfate levels are higher in
summer than in fall or winter. Even in a single location the
composition of PM can vary from year to year, season to
season, day to day, and within a day.

Scientists have hypothesized that some components of
ambient PM are more likely to be responsible for toxic
or adverse health effects than other components. Table
1 lists some of the leading candidates that have been
associated with biologic responses observed in a vari-
ety of studies and experimental systems. Studies are
being conducted to determine which components or
combination of components are key in inducing
adverse health effects.

The major components of PM are metals, organic
compounds, material of biologic origin, ions (that is, posi-
tively or negatively charged atoms), reactive gases, and the
particle core (which is frequently composed of pure, or
elemental, carbon). Table 1 also illustrates the composition
and biologic effects attributed to secondary particles, a
major subcomponent of the ion fraction. These particles
are mostly composed of ammonium sulfate, ammonium
nitrate, and secondary organic compounds that are
produced in the atmosphere via reactions of gases with
reactive organic compounds.

In general, the composition of larger particles differs
from that of smaller particles. The coarse particle
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Figure 1. Typical distribution of three sizes or modes of particles
in urban air and how different definitions of particle size relate to
these modes (69).



fraction consists mainly of insoluble crust-derived
minerals, biologic material (such as pollen and bacte-
ria), and sea salts. By contrast, the ultrafine and fine
fractions are composed mainly of particles with a
carbon core that contains a variety of metals, secondary
particles, and hydrocarbons.

How Does Exposure to Particles Affect the
Cells and Tissues of an Individual?

The body responds to particulate pollution with the
same multilayered defense system that it uses to defend
itself against other foreign material such as bacteria and
viruses: that is, by attempting to prevent access, and
then by trying to rid the body of the foreign matter. Each
succeeding layer brings stronger weapons into the battle.
The first important level is a barrier of cells and fluids
that the foreign material must get through before it
enters the tissues of the body. Fluid secretions, such as
mucus lining the airways, and ciliated cells are impor-
tant elements of this system. Thus, many particles, espe-
cially larger ones, are trapped and removed by the nose.
Coughing, activated by particles interacting with recep-
tors on nerve cells in the airways, also helps to remove
particles. In addition to these mechanisms, epithelial

cells are tightly joined at the surface of a tissue, prevent-

ing material from entering between the cells. 

If foreign material gets past these defenses and enters the

tissue, a second line of defense comes into play: “scav-

enger” cells ingest the foreign material and attempt to

destroy it. The most important scavenger cells are

macrophages (white blood cells that reside in the tissues

and in the airspaces of the lungs) and neutrophils (white

blood cells found in the bloodstream that supplies the

lung and other tissues). If the burden of foreign material

overwhelms this line of defense, as can occur in bacterial

or viral infections or in response to inhaled agents that

cause allergic reactions, lymphocytes (another type of

white blood cell) and the proteins they synthesize

become involved in the response.

Particle deposition on the surface of epithelial cells in

the airways and particle ingestion by macrophages and

neutrophils is generally referred to as the activation of

all these cells. Many of the effects that occur rapidly

after particles impinge on airway cells are not fully

understood. The activated cells are known to synthesize

compounds referred to as reactive oxygen species (such

as hydrogen peroxide) that try to eliminate the invading
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Table 1. Chemical Components of PM and Their Biologic Effects

Component Major Subcomponents Described Biologic Effects

Metals Iron, vanadium, nickel, copper, platinum, and 
others

Can trigger inflammation, cause DNA damage, and 
alter cell permeability by inducing production of 
reactive oxygen species (particularly hydroxyl free 
radicals) in tissues

Organic
compounds

Many are adsorbed onto particles; some 
volatile or semivolatile organic species form 
particles themselves

Some may cause mutations, some may cause cancer; 
others can act as irritants and can induce allergic 
reactions

Biologic
origin

Viruses, bacteria and their endotoxins 
(lipopolysaccharides), animal and plant 
debris (such as pollen fragments), and fungal 
spores

Plant pollens can trigger allergic responses in the 
airways of sensitive individuals; viruses and 
bacteria can provoke immune defense responses in 
the airways

Ions Sulfatea (usually as ammonium sulfate), 
nitrateb (usually ammonium or sodium 
nitrate), and acidity (H+)

Sulfuric acid at relatively high concentrations can 
impair mucociliary clearance and increase airway 
resistance in people with asthma; acidity may 
change the solubility (and availability) of metals and 
other compounds adsorbed onto particles

Reactive
gases

Ozone, peroxides, aldehydes May adsorb onto particles and be transported into 
lower airways, causing injury

Particle
core

Carbonaceous material Carbon induces lung irritation, epithelial cell 
proliferation, and fibrosis after long-term exposure

 

   

a Formed from the neutralization of sulfuric acid vapor, which is generated from the oxidation of sulfur dioxide emitted from combustion of fuel containing
   sulfur, such as that used in motor vehicles and oil- and coal-burning powerplants.
b Formed from nitric acid vapor, which is generated in the atmosphere from the reactions of nitrogen oxides. 
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foreign material. Within hours, proteins (called
cytokines) and smaller molecules (called chemokines)
are synthesized and secreted into the affected area.
These molecules are mediators that interact with
specific receptors on the surfaces of many cell types
and result in activating cells in the surrounding envi-
ronment as well as in the blood and other tissues. As a
result, cells leave the bloodstream and enter the fluid-
filled spaces of the airways (interstitial fluid), where
they can attack the foreign material. Consequently,
particle-induced cell activation events in the airways
frequently result in an inflammatory response. This
response includes both the activation of airway cells
(including the production of the “proinflammatory” and
reactive oxygen molecules described above) and the
activation and migration of cells (particularly
neutrophils and a related cell type, eosinophils) from
the blood into the airways.

The inflammatory response may damage the epithelial
cell layer at the surface of the tissue and other cells in
the airway (such as macrophages), which results in the
loss of integrity of the tissue's defenses. One potential
consequence may be increased exposure to and
reduced capacity to defend against microorganisms.

At least one of the cytokines produced by the inflam-
matory response in the airways stimulates the liver to
secrete a set of molecules known as acute-phase reac-
tants. These molecules, which include C-reactive
protein and fibrinogen, appear in the circulation within
6 to 24 hours. Fibrinogen binds to platelets and
contributes to their aggregation. This can result in
multiple effects throughout the cardiovascular system,
including an enhanced ability of the blood to clot
(increased coagulability).

Although cytokines may have a primary role in induc-
ing these nonpulmonary effects, some recent research
also suggests that particles (and ultrafine particles in
particular) or particle components may physically
move out of the airways and rapidly into the blood-
stream to trigger effects at distant sites.

Deposition of particles in the airways can stimulate nerve
cells in the underlying tissue as well. Activation of these
cells has been suggested to lead to changes in the nerv-
ous system's control of the pattern of breathing, the heart
rate, and heart rate variability (a measure of the fluctua-

tions in heart rate that occur in all individuals), and to
affect other cardiac electrophysiologic parameters.

Thus, particle deposition in the airways can set off a
cascade of events in many different cells, potentially
resulting in changes in tissues and organs at sites
progressively further away from the initial stimulus.
These defense mechanisms are normal responses in
healthy individuals, but they may lead to deleterious
changes in the host. Such changes may be rapid and
temporary and may resolve quickly; but depending on
the level and pattern of exposure and the agent to which
the host is exposed, the changes may last longer. It is not
clear whether or how such changes are relevant to the
development of PM-induced adverse health effects at low
levels of exposure. These changes are thought to have a
greater impact on individuals whose airway, cardiac, or
vascular tissues have been previously damaged.

What Have We Learned from Recent 
HEI-Funded and Other Studies About 
the Effects of Particles?

Many agencies have funded a vast amount of epidemi-
ologic and experimental research on the health effects
of PM. The US EPA and the California Air Resources
Board are in the latter stages of extensive multistep
reviews of recent PM studies. Their aim is to deter-
mine whether recent findings necessitate modifying
PM regulatory standards in the United States as a
whole or in California, respectively. These reviews
will be published in final form in the coming months.
The European Union, through the World Health
Organization’s European Centre for Environment and
Health, also has recently initiated a similar review.
Rather than repeat the extensive literature cited in the
reviews from these regulatory agencies, the following
paragraphs summarize some of the key information
about PM health effects and highlight studies that
have been particularly informative.

HEI's recent PM research program has funded and
continues to fund studies focused on three key topics:

1. the relative toxicity of different components of the
PM mixture;

2. induction pathways for adverse effects; and

3. identifying groups in the population who may be
particularly susceptible to PM effects.
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Table 2 shows how these three critical areas have been
addressed in both completed and ongoing HEI PM
studies. The studies evaluated a range of endpoints,
some representing true health effects (such as asthma
symptoms or mortality), whereas others measured early
phenomena (such as production of inflammatory medi-
ators and changes in gene expression or heart rate).
Many of the funded studies addressed questions in
more than one of these areas. Sidebar 2 describes the
range of approaches that have been taken in humans
and other species, providing insight into identifying
toxic components of the complex PM mixture and the
effects of different types of PM.

What Attributes of Particles Are Associated
with Toxicity?

Studies have investigated the physical aspects (particu-
larly size) and the chemical composition of particles
that induce effects in humans and other species. Several
recent epidemiologic studies (8–14) in different loca-
tions have reported associations between various health
effects and different sizes and/or chemical components
of the particles to which the study populations had been
exposed. Findings differed from study to study, gener-
ally depending on where and when the study was
conducted. For example, some epidemiologic studies in
Mexico City and the western United States have found
health effects associated with the coarse particle fraction
(11,12), but studies conducted in other parts of the
United States and in Canada have reported that effects
of fine particles predominate (8–10). In a recent study in
Germany, levels of both fine and ultrafine particles were
associated with increased mortality (16). Several reasons
may be suggested for such discrepancies among studies:
[1] the nature of PM varies in different regions with
different sources, climate, and topography; [2] studies
use a variety of statistical methods to assess results; [3]
studies may use different measurements of PM (eg,
PM2.5 vs ultrafine particles); and [4] studies may have
different health endpoints.

The HEI-funded* National Morbidity, Mortality, and
Air Pollution Study (NMMAPS), directed by Jonathan
Samet, investigated the association of PM10 with
mortality using a unified method in the 90 largest US
cities (15). This study was designed to address many of
the criticisms raised about the time-series studies that
had shown an association between short-term increases

in PM levels and increases in the number of deaths.
(Two main criticisms were that the analytic methods
had varied among studies and that the lack of criteria
for selecting cities to study may have led to bias in the
results.) NMMAPS found that a 10-µg/m3 increase in
PM10 resulted in an average increase of about 0.5% in
mortality from all causes. Adding other pollutants to
the model did not appear to affect the result found with
PM10. Regional differences in the PM10 effect were
seen, with the largest effects evident in the northeastern
United States. One explanation for the regional differ-
ences may be variation in the nature of PM; because it
is a complex mixture, the same mass of PM10 in differ-
ent places may include very different amounts of fine
or ultrafine particles and particles with different
composition (eg, higher presence of some metals).

Size

In their HEI study, Erich Wichmann and colleagues
characterized the sizes of particles in the ambient air of
Erfurt, Germany, and determined whether they were
related to changes in daily mortality (16). They
reported that over a three-year period the concentra-
tions of both ultrafine (PM< 0.1) and fine particles
(PM0.1–2.5) were associated with increased daily mortal-
ity. These findings provided the first evidence that
ultrafine particles were associated with human mortal-
ity, but did not indicate whether ultrafine particles
were more toxic than larger particles.

In another HEI study, Morton Lippmann and colleagues
compared day-to-day fluctuations in hospital admis-
sions of older people and deaths in the Detroit-Windsor
area with day-to-day fluctuations in levels of different
ambient PM size fractions (17). They found that four of
the five size fractions they evaluated were associated
with increased morbidity and mortality. These were
total suspended particles (TSPs; ie, all particle types
and sizes up to about 40 µm in aerodynamic diameter
found in ambient air); PM10; PM2.5–10 (ie, particles
between 2.5 µm and 10 µm in aerodynamic diameter);
and PM2.5. The magnitude of the association was simi-
lar for all four fractions. The largest particle size frac-
tion (between  10 µm and about 40 µm) was not associ-
ated with increased morbidity and mortality. The inves-
tigators also reported that the particles fractionated by
size were more significantly associated with health
outcomes than were the two chemical components of
ambient PM, acidity and sulfate, evaluated in the study.* HEI-funded studies are indicated by italic type on the Principal

Investigator’s name.
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Table 2.  Questions Addressed by HEI-Funded Studiesa

Study Description
Groups
Studied

Possible
Mechanisms

Particle
Aspects

Epidemiology

Samet et al (15) found that PM10 was associated with increased 
mortality in the 90 largest US cities. In a smaller subset of cities, 
PM10 was also associated with increased hospital admissions of 
the elderly.

General population, 
elderly

NA PM10

Goldberg et al (56) found, in Montreal, that coefficient of haze, 
sulfate, and PM2.5 were associated with mortality from 
respiratory disease and diabetes. The study also showed that 
people with neither cardiovascular nor pulmonary disease were 
at increased risk of mortality from PM.

General population 
to identify 
susceptible groups

NA NA

Wichmann et al (16) found, in Germany, that both ultrafine
(< 0.1 µm) and fine particles (0.1–2.5 µm) were associated with 
increased daily mortality, but the findings did not show a 
consistent pattern regarding relative toxicity.

General population NA Size (fine, 
ultrafine)

Lippmann et al (17) found, in Detroit-Windsor, associations 
between different size fractions of PM and deaths and hospital 
admissions of the elderly.  All size fractions except the largest 
(particles larger than PM10) showed an association; the 
associations with particle size were stronger than those for 
acidity or sulfate content.

General population, 
Elderly

NA Size (fine to 
coarse),
sulfate,
acidity

Checkoway et al (53) found, in Seattle, no association between PM 
and sudden cardiac arrest in people with no known history of 
heart disease. This suggests that these people are not at increased 
risk.

General population NA PM2.5, PM10

Ongoing:  Peters et al are studying, in Germany, the possible 
association between PM and incidence of nonfatal myocardial 
infarction.

People with an 
incidence of 
myocardial
infarction

Cardiac Size (ultrafine, 
fine)

Ongoing: Dockery et al are studying, in Boston, the association 
between PM and triggering of implanted cardiac defibrillators to 
stop serious cardiac arrhythmia.

Cardiac disease Cardiac PM2.5, PM10,
carbon

Human Controlled Exposure  

In review: Holgate et al (70) collected bronchial biopsy tissue from 
healthy and asthmatic subjects exposed to diesel exhaust or CAPs 
in Research Triangle Park. Inflammatory markers increased in 
healthy but not asthmatic subjects after diesel exposure and not 
in healthy subjects after CAPs exposure; CAPs were not studied 
in asthmatic subjects.

Healthy, asthma Inflammation Diesel, CAPs

Ongoing: Frampton et al are exposing healthy and asthmatic 
subjects to ultrafine PM and evaluating their lung function, 
inflammatory markers in sputum, and vascular and 
electrophysiologic cardiac markers.

Healthy, asthma Cardiac, 
vascular, or 
inflammatory

Ultrafine
carbon

Ongoing: Gong et al are exposing healthy and asthmatic subjects to 
CAPs in Los Angeles and evaluating lung function, inflammatory 
markers in sputum, and vascular and electrophysiologic cardiac 
markers.

Healthy, asthma Cardiac, 
vascular, or 
inflammatory

CAPs

Animal and in Vitro Exposures    

Oberdorster et al (18) found that inhaling ultrafine carbon and 
platinum particles for a short time induced an inflammatory 
response in the airways of mice and rats with pulmonary disease 
but not in healthy young or healthy old rodents.

Rodents: Pulmonary 
disease, healthy 
young, healthy old

Inflammation Ultrafine 
carbon,
platinum

a NA = Not applicable.

(Table continues next page)
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Table 2 (continued).  Questions Addressed by HEI-Funded PM Studies

Study Description
Groups
Studied

Possible
Mechanisms

Particle
Aspects

Animal and in Vitro Exposures (continued)

Godleski et al (28) found, in Boston, that inhalation of CAPs 
changed the ECG in dogs with an induced temporary heart 
condition; in healthy dogs, they found changes in heart rate 
variability of uncertain significance and little change in 
inflammatory markers.

Dogs: Healthy, 
cardiac condition

Nervous system 
control of 
heart

CAPs

Vincent et al (42) found, in Ottawa, increased blood pressure and 
vascular factors called endothelins in healthy rats exposed by 
inhalation to resuspended urban PM.  Effects were less with 
washed PM and diesel particles; no effects were evident with 
carbon, which indicates a role for soluble components such as 
metals.

Rats: Healthy Vascular Urban PM, 
washed PM, 
diesel
exhaust,
carbon

Kobzik et al (54) evaluated, in Boston, inhalation of ozone and 
CAPs on pulmonary function and airway inflammation in young 
healthy and “asthmatic” mice. Effects on pulmonary function 
and airway inflammation were small; some, but not all, the 
statistical models used suggested synergy between CAPs and 
ozone; CAPs collected on filters stimulated airway macrophage 
cytokine production in vitro.

Mice:
Healthy young, 
“asthmatic” young

NA CAPs

 Leikauf et al (20) used genetic and molecular approaches to 
characterize genes that may be involved in genetic susceptibility 
of mice to prolonged nickel inhalation; two candidate genes 
identified were those coding for surfactant-associated protein B 
and transforming growth factor .

Mice: Susceptibility 
to death from 
continuously
inhaled nickel 

Lung injury or 
inflammation
or both

Nickel

Gordon et al (68) studied, in New York City, inhaled CAPs in 
healthy and hypertensive rats and in guinea pigs with a cardiac 
condition (small numbers of animals and low CAPs 
concentrations).  No groups showed inflammatory changes.

Rats: Hypertensive;
  Guinea pigs:
  Cardiac condition

Cardiac CAPs

In press: Aust et al (71) studied the impact of metals on cultured 
epithelial cells and found that metals can detach from the 
particles and, once inside the cell, stimulate production of 
inflammatory mediators.

NA Inflammation Metals

In press: Laskin et al (76) evaluated whether exposing rats to an 
inhaled combination of aerosolized ammonium sulfate and 
hydrogen peroxide induced more lung injury than did the 
individual components. Compared with the individual 
components, the combination increased only some of the 
parameters measured.

Rats Lung injury or 
inflammation
or both

Aerosolized
ammonium
sulfate and 
hydrogen
peroxide

In press: Nadziejko et al (77) found, in New York City, no effect of
       

     

Rats: Healthy Blood 
coagulation

CAPs

Ongoing: Hahn at al are examining the effects of inhaling fine and 
ultrafine vanadium pentoxide and carbon particles on lung 
inflammation and pathology in old rats and rats with airway 
inflammation.

Rats: Airway 
inflammation, 
healthy old

Lung injury or 
inflammation
or both

Fine and 
ultrafine
carbon and 
vanadium

Ongoing: Pinkerton et al are examining the effects of inhaling 
ultrafine iron particles in combination with carbon particles on 
the lungs of young and adult rats and looking at the pattern of 
injury in the lower lung.

Rats: Young, adult Lung injury or 
inflammation
or both

Ultrafine; iron, 
cerium,
carbon

Ongoing: Witten et al are investigating in rats the effects of 
inhaling diesel exhaust on lung injury (such as decreased 
pulmonary function and increased airway inflammation) and the 
role of sensory nerve cells in mediating the inflammatory 
response (neurogenic inflammation).

Rats: Healthy Neurogenic 
inflammation

Diesel exhaust

α

inhaling CAPs on blood coagulation parameters in small
numbers of healthy rats with low CAPs concentrations. 
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If we knew which properties of PM
were responsible for toxicity, emissions
and air quality standards could then
focus on controlling the particles doing
the most damage. However, the PM
mixture is extremely complex, so trying
to identify which components of PM
cause a particular adverse effect is
extremely challenging. In addition, ambi-
ent air contains gaseous pollutants such
as ozone that can exert adverse effects
similar to those ascribed to components
of PM.The following describes the
strengths and limitations of different
approaches that have been taken to
address the special challenges in studying
the effects of exposure to ambient PM.

1. Evaluating responses to different types of
particles. Studies have evaluated expo-
sure to (a) ambient particles (in particu-
lar, concentrated “fresh” ambient parti-
cles or resuspended stored particles);
(b) particles from specific sources (such
as oil and coal fly ash, diesel exhaust,
gasoline exhaust); and (c) particles
generated in the laboratory (for exam-
ple, metals or metal oxide particles).

Each of these methods can address
different aspects of PM effects. Fresh
ambient particles of different sizes have
the positive aspect of containing the
“right stuff” (ie, what has been associ-
ated with adverse health effects in
epidemiologic studies), but because of
the complexity of ambient PM, it is very
difficult to identify which components
are influencing the effects. For this
reason, particles from specific sources,
which are themselves complex
mixtures but less so than the ambient
mixture, may also be useful.This
approach makes sense because sources
are the focus of emissions controls.
One drawback, however, is that often
the particles are collected, stored, and
then later resuspended for exposure to
animals or cells in culture; thus, their
physical properties are likely to have
altered and their chemical properties
may have changed as well.A second
problem is that particles gathered from
a source may not be generally repre-
sentative of that source. For example,
particles in the air derived from a large
number of motor vehicles (with varying
emissions characteristics) may not be
well represented in studies using
samples from one or a few test

engines.The third approach, using
“model” particles generated in the
laboratory to test specific hypotheses
about size and composition is useful in
sorting out hypotheses, but cannot be
used to test all variations in ambient
PM. Moreover, these particles may not
be representative of ambient particles.

2. Choosing appropriate endpoints of PM
effects. Researchers have evaluated multi-
ple endpoints in completed and ongoing
epidemiologic and experimental studies.
These endpoints include health effects,
such as mortality and the incidence of
cardiovascular illness, and early cellular
and tissue events after PM exposure,
such as changes in cytokine levels or in
heart rate variability (see text for further
details).

The choice of appropriate endpoints of
PM effects is especially challenging
because the mechanisms by which parti-
cles may cause health effects are not
known with certainty, and it is also possi-
ble that different types of particles act by
different mechanisms. In addition, as
described above, not all the biologic
responses measured may be “adverse
health effects” of PM. In particular,
changes in pathways that occur early
after particle deposition may or may not
be relevant to clinical effects observed
hours or even days later.

3. Choosing appropriate study populations.
Humans are, of course, the most rele-
vant species in which to perform experi-
ments. Human exposure studies can
provide dose-response information on
some health effects endpoints, help to
identify potentially sensitive individuals
or populations, and investigate interac-
tions among pollutants. Such studies are
limited, however, to comparatively nonin-
vasive health endpoints, small groups of
subjects, relatively short exposure dura-
tions, and pollutant concentrations that
are expected to produce only mild, tran-
sient responses. Inhalation studies in
animals can include a much broader
exposure concentration range and also
evaluate a wide variety of physiological,
biochemical, and histological endpoints
that require invasive techniques not suit-
able for human studies.Thus, it is possi-
ble to gather much more detailed infor-
mation in animal studies than in human
studies, but that information may have
low relevance to humans.

Laboratory animals with a particular
condition or disease (for example,
animals with aspects of human asthma
or genetically determined conditions
such as hypertension) that are thought
to mimic human diseases are available
as models in which to study a possibly
increased sensitivity to PM. Such
models may be useful; however, the
relevance to humans of results
obtained in animal models is frequently
questioned. Different species differ in
distinct ways, so it is challenging to
extrapolate to humans the results
obtained in healthy rodents or dogs, for
example. Moreover, animal models of
human disease rarely possess all the
characteristics of the intended human
counterparts, so extrapolating the
results to humans is difficult and uncer-
tain.

4. Using different exposure conditions.
Many types of exposure studies have
been conducted. Controlled exposure
to single PM components (such as
metals or carbon particles of different
sizes) has been evaluated in nonhu-
mans. However, most such studies have
been conducted at exposure levels
much higher than ambient.Although
these studies provide an indication of
whether a component of the PM mix
may have a biologic effect, it may be
difficult to extrapolate results to levels
of the component found in ambient air.
In addition, many of these studies have
exposed animals to a single large bolus
of particles by intratracheal instillation,
bypassing the upper airways. Results
obtained by this technique may differ
from those obtained by inhalation, the
major physiologic route of exposure to
particles. Some recent controlled expo-
sure studies have been performed in
humans: people with asthma and
healthy individuals have been exposed
for short periods via inhalation to such
PM emissions as diesel exhaust and
concentrated ambient particles. Other
informative studies have evaluated the
effects of administering resuspended
particles into the airways of humans.
The particles had previously been
collected on filters on different occa-
sions at a single ambient monitoring
site, making it possible to ascribe differ-
ences in airway response to differences
in particle composition at the time of
collection.

SIDEBAR 2. INVESTIGATING MECHANISMS OF PM HEALTH EFFECTS



The effects of different sizes of particles have also been
compared in experimental and in vitro studies (18,19).
In an HEI-funded study, Günter Oberdörster and
colleagues confirmed their earlier findings that intra-
tracheal instillation of resuspended ultrafine titanium
oxide particles induced more of an inflammatory
response than did fine particles of the same composi-
tion (18). Few studies, however, have compared effects
of exposure to fine and ultrafine particles by inhala-
tion, the exposure method that occurs naturally. In
their HEI study, George Leikauf and colleagues found
that inhaled fine nickel sulfate particles induced as
great an inflammatory response as inhaled ultrafine
nickel sulfate particles (20). The different results found
in these two HEI studies may reflect differences in the
solubility of particles in the lung (nickel sulfate is
water soluble; titanium oxide is not). Other explana-
tions are also possible.

Composition

Metals comprise a large percentage of the urban air PM
mass in many countries. Several studies in humans
and other species have identified a potential role of
metals in the induction of PM-related effects. One
recent study (21) combined epidemiologic and experi-
mental approaches. Particles collected from a monitor-
ing site in the Utah Valley at different times were
resuspended and administered to the airways of
human volunteers. Particles collected during a period
in which metal levels (specifically iron, copper, zinc,
lead, and nickel) in the particles were high (local steel
mill running) induced a greater inflammatory response
in the lungs than when metal levels were low (steel
mill closed). Short-term exposure of rodents to high
concentrations of nickel and vanadium or of residual
oil fly ash induced inflammatory, respiratory, and
cardiovascular responses, including cardiac arrhyth-
mias (22,23). (Residual fly ash is an emission from
power plants that is rich in particles containing metals,
especially iron, nickel, and vanadium. It contains
metals at levels and proportions much higher than
those found in ambient air.)

In HEI studies currently under review, Ann Aust and
colleagues showed that iron can detach from coal fly
ash taken into airway epithelial cells growing in
culture and stimulate the production of mediators that
induce inflammatory responses (71). Fletcher Hahn
and colleagues have exposed old rats and rats with

preexisting airway inflammation to fine and ultrafine
vanadium pentoxide particles and to similar-sized
carbon particles and compared the effects of these
particles on lung inflammation and disease. This study
should provide valuable information about the effects
of both particle size and particle composition (72). In
their ongoing HEI study, Kent Pinkerton and colleagues
are investigating the effects of ultrafine iron particles,
inhaled alone or in combination with carbon particles,
in young and adult rats on a number of endpoints,
including the pattern of injury in the lower respiratory
tract.

Ambient air also contains many different organic
compounds associated with combustion particles.
However, much less work has been done to investigate
the health effects of these compounds than to investi-
gate the health effects of metals. Some studies have
shown that an organic fraction extracted from diesel
exhaust particles, an emission reported to enhance the
induction of at least some of the characteristics of the
allergic response in humans and other species,
enhances the synthesis of immunoglobulin E in vitro
(24,25). (Immunoglobulin E is a key mediator of the
allergic response.) In addition, a similar organic extract
of diesel exhaust particles has been reported to have
cytotoxic effects in macrophages and epithelial cells in
vitro (26).

Some experimental and epidemiologic studies have
tried to associate health effects not only with specific
components of PM but also with specific sources of
particles (10,27–29). The statistical approaches in these
studies, which included factor analysis and principal
component analysis, are based on assumptions about
the groups of elements that characterize an emission
source.

How Do Particles Cause Effects?

One of the major advances in PM research in the last
few years is the tentative identification of plausible
biologic mechanisms to explain the epidemiologic
findings of associations between increased exposure
to PM and increased mortality. Many of the findings
from studies using particles comparable to or derived
from those found in ambient air (in particular,
concentrated ambient particles [CAPs]) and from
studies in populations particularly susceptible to the
effects of PM. Many of the new findings are early

11



events that occur within minutes or hours after
exposure to particles. The relevance of changes in
these parameters to the subsequent development of
short- or long-term adverse health effects is still not
clear. Moreover, these new biologic data do not
definitively establish the sequence of events that
occurs after particles deposit in the airways.
Nonetheless, these findings present a credible view
of how even low-level exposure to PM may alter the
cardiovascular and pulmonary systems and pose a
particular threat to people with cardiovascular or
respiratory conditions.

These recent findings pertain to: the induction of
inflammatory responses in the airways; the induction
of systemic inflammatory and other vascular responses;
and changes in neural control of heart function. Figure
2 summarizes the overlapping pathways by which
deposition of particles in the airways can induce
effects both in the airways and throughout the body
(systemically) that may lead to adverse effects in the
airways and the cardiovascular system.

Inflammatory Responses in the Airways

Recent controlled-exposure studies in humans indi-
cate that different types of particles can induce an
inflammatory response in the airways, the site at
which particles first deposit (30–32). This is measur-
able in a number of ways, including an increase in
neutrophil number and in levels of cytokines and
chemokines associated with the inflammatory

response. In an HEI study currently under review,
Stephen Holgate and colleagues have extended their
original studies in which they found airway inflam-
mation in healthy subjects after exposure to diesel
exhaust (31,32). They evaluated in healthy people
and in those with mild asthma the effects of expo-
sure to a lower concentration of diesel exhaust than
they had used in earlier studies. They found small
increases in inflammatory markers (such as lung
neutrophil levels) in healthy but not asthmatic
subjects (70). 

Experiments in animals and in vitro have shown that
the metal and organic components of PM can induce
inflammatory cytokine and chemokine formation as the
end result of oxidative stress pathways inside cells.
These pathways generate what are known as reactive
oxygen species, including free radicals, hydrogen
peroxide, and superoxide (26,33). As described in a
previous section, the induction of an inflammatory
response by PM in the airways may damage not only
the epithelial cell layer at the surface of the tissue but
also other airway cells such as macrophages. Some
recent data support this hypothesis.  For example,
exposing a macrophage cell line to fine and ultrafine
particles decreased phagocytosis (the ability of scav-
enger cells to engulf and remove material from the
extracellular milieu) (19).

Airway nerve cells may also contribute to inflamma-
tion in the airways by synthesizing neurotransmitters
(75). In this neurogenic inflammation, the neurotrans-
mitters may affect many types of white blood cells in
the lung, as well as epithelial and smooth muscle cells.
Inflammatory cytokines synthesized by white blood
cells may also affect the nerve cells.

One possible consequence of damage to the airways is
that the individual may become more susceptible to
respiratory infections if exposed to viruses or bacteria
(discussed in 34).  A second possible consequence is
that it may decrease respiratory function in a person
whose airways are already damaged by conditions
such as bronchitis or asthma. As a result, the symp-
toms of asthma, for example, may be exacerbated.

Systemic Inflammatory and Other
Vascular Responses

Recent studies have suggested that exposure to particles
results in systemic inflammatory effects within hours
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Figure 2. How PM can affect the airways and the cardiovascular
system.  (HRV = heart rate variability.)



after exposure. It is currently not clear if the systemic
response is a consequence of an inflammatory response
in the airways, because some studies have detected little
or no inflammatory response after exposure to PM. As
described earlier, some studies indicate that either parti-
cles per se (and ultrafine particles in particular) or
components that may detach or dissolve from particles
may move rapidly into the bloodstream and reach other
tissues (73,74).

One marker of systemic inflammation that has been
detected after exposure to PM is an increased number of
circulating neutrophils (31, 35, and 29 in humans, rats,
and dogs, respectively). Increased bone marrow produc-
tion of immature neutrophils has also been reported
(36,37). Epidemiologic studies have described associa-
tions between PM exposure and other vascular factors,
and controlled-exposure studies have reported PM-
dependent effects on levels of additional vascular factors
(31,38–44). These factors include fibrinogen, plasma
viscosity, platelet numbers, C-reactive protein, endothe-
lin levels, and blood pressure. Several of these factors
(fibrinogen, C-reactive protein, and blood pressure) are
independently associated with increased risk of cardio-
vascular disease, which could affect susceptibility to the
acute effects of PM.

The changes in vascular parameters that occur after
particle exposure suggest that exposure to PM may
lead to higher levels of fibrinogen, in turn increasing
plasma viscosity, and the ability of blood to coagu-
late. This may result in an increased tendency to form
clots and thrombi (aggregations of platelets and other
blood components causing vascular obstruction).
Although the outcome of these phenomena for
healthy individuals is not clear, it is probable that
inducing clots or thrombi in those with damaged
cardiac or vascular systems may have more serious
consequences. Individuals with atherosclerosis may
be particularly at risk. Atherosclerosis is character-
ized by a thickening and hardening of the arteries in
which plaque (deposits of cholesterol and other fats,
plus fibrin and inflammatory cells and factors)
narrows the arteries and decreases the arterial blood
flow. In atherosclerosis, the functions of endothelial
cells, the cells lining the blood vessel, are also
impaired. This results in additional production of
mediators that promote vasoconstriction, the narrow-
ing of blood vessels.

If a thrombus forms on the plaque's surface, or bleed-
ing into the plaque occurs, the entire artery may
become blocked. If this occurs in a coronary artery, the
supply of oxygen to the heart muscle is reduced. This
condition, myocardial ischemia, may lead to heart
damage and arrhythmias, disturbances in the rhythmic
beating of the heart. Arrhythmias, such as ventricular
fibrillation, may have serious and potentially fatal
consequences because they can lead to a heart attack
(myocardial infarction [MI]). In addition to vascular
changes that result in arrhythmias, arrhythmias may
also develop as a consequence of changes in the
neural control of heart function.

Several studies in humans and other species link
exposure to PM with changes in cardiac function,
including inducing arrhythmias and increasing the
incidence of MIs (22,23,44–48). In their HEI study,
John Godleski and colleagues induced a temporary
coronary occlusion (cutting off blood supply to the
heart via the coronary artery) in a small number of
dogs and then exposed them to CAPs. They found
that exposure to CAPs induced a more rapid and
larger elevation in the ST segment on an electrocar-
diogram (ECG) than did exposure to particle-free air
(28). This change in the ST segment is one of the
characteristic signs of the onset of myocardial
ischemia. Godleski's study was small and follow-up
research is required to confirm these results. This
finding supports the mechanism by which people
with atherosclerotic arteries may be more vulnerable
to cardiac problems, such as fatal arrhythmias, when
exposed to PM. Kodavanti and colleagues have
reported that spontaneously hypertensive rats
exposed to residual fly ash also show enhanced
changes in the ST segment (49).

In their ongoing HEI study, Annette Peters and
colleagues are following up the initial findings of a link
between short-term exposure to PM2.5 and the fairly
rapid incidence of MI (46). They are evaluating whether
exposure to air pollution, and ultrafine particles in
particular, in the hours or days preceding a nonfatal
MI could have triggered the infarction. In their ongo-
ing HEI study, Douglas Dockery and colleagues are
following up the pilot study findings they reported
with Annette Peters: In a small group of patients
whose arrhythmias were controlled by an implanted
cardiac defibrillator (ICD), the triggering of the ICD
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was associated with ambient levels of PM2.5 and PM10

(47). Dockery and colleagues are currently evaluating
the association between exposure to PM and ICD
discharge in a larger group of cardiac patients in the
Boston area.

Recent findings from a study using a rabbit strain in
which the animals develop atherosclerosis indicated
that short-term PM10 exposure induced atherosclerotic
lesions to progress to more advanced stages, poten-
tially making the host more vulnerable to an acute
coronary event (37). If confirmed in other studies,
these findings might suggest a mechanistic link
between PM exposure and increased MI incidence.

PM exposure may also affect other vascular parame-
ters. In a pilot HEI study in rats, Renaud Vincent and
colleagues found that very high levels of three types
of particles increased blood levels of endothelins,
which are molecules that affect blood pressure by
inducing vasoconstriction (42). (The three types of
particles tested were particles from ambient Ottawa
air gathered and resuspended in air for the laboratory
exposure chamber; resuspended Ottawa air particles
from which soluble constituents had been removed
[“washed particles”]; and resuspended diesel soot.)
The resuspended Ottawa particles also caused a
small increase in blood pressure, but diesel soot
(composed predominantly of carbon) did not. The
washed particles had no effect on blood pressure,
which indicates that PM components that are
removed by washing (such as metals) might be
responsible for this effect. People with atherosclero-
sis, who have narrowed arteries, may be particularly
susceptible to any further narrowing of the arteries
induced by increases in endothelins.

Neural Control of Heart Function

Data from recent studies indicate that PM exposure can
also affect the neural control of heart function. They
indicate that PM exposure in older people and those
with cardiac disease was associated with decreased
heart rate variability (50–52). Heart rate variability
reflects a balance between the two opposing arms of
the autonomic nervous system's control of the heart,
the sympathetic and parasympathetic nerves.
(Stimulation of the sympathetic nerves increases heart
rate; stimulation of the parasympathetic nerves

decreases the heart rate.) Although reduced heart rate
variability is associated with worse outcome in indi-
viduals with existing cardiac disease, the clinical
significance of similar decreases in healthy individu-
als is unknown.

Mechanisms of Particle Effects: Conclusions

From all these studies, a more complete picture of the
cardiac, pulmonary, and vascular effects of PM expo-
sure is emerging. The reported results, however, are
not always consistent from study to study. For exam-
ple, fibrinogen levels were increased in a human
controlled exposure to CAPs (30), and were positively
associated with PM exposure in Pekkanen and
colleagues' epidemiologic study (38), but had a nega-
tive association with PM10 exposure in Seaton and
colleagues' epidemiologic study (40). In addition, the
relation between PM and health varies depending
upon the investigators' choice of different “lags” in
time between PM exposure on a particular day and the
day of the observed health endpoint (eg, in the HEI
studies by Wichmann and Lippmann [16,17]). The HEI
study by Harvey Checkoway and colleagues provides
another example of the differences that can be found
in results from epidemiologic studies. That study
found no link between sudden cardiac death and PM
exposure on the day of death or up to five days before
death (53). Because the study was conducted in
people with no known heart disease, the result
suggests that people who do not have heart disease
have little or no increased risk of sudden cardiac
death as a result of PM exposure. However, this nega-
tive finding does not contradict the results from other,
previously cited epidemiologic studies showing that
people with respiratory or cardiovascular disease are
susceptible to the effects of PM exposure.

Differences in results among experimental studies of
similar design have also been noted, particularly in
studies of PM effects on airway inflammation. For
example, the studies discussed earlier by Holgate and
colleagues have reported inflammatory responses
(31,32), whereas other studies, including results from
the same group, detected little or no response (70).
Differences in results on different days of a single
controlled-exposure study have also been observed;
these day-to-day variations have been ascribed to
differences in particle composition [28,54]).
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Discrepancies among study findings may be expected,
however, given the large variety of exposure condi-
tions, sample sizes, populations, range of endpoints,
locations, and research methods used to evaluate
results from epidemiologic and experimental studies.
Questions still remain as to whether the early changes
after PM exposure, which may be normal reactions by
the body's biologic defense systems to the introduction
of a foreign substance, are or are not the first steps in a
pathway leading to adverse health effects.

Are Some Individuals or Groups
Particularly Susceptible to the Effects
of Particles?

Many epidemiologic and toxicologic studies have
compared the effects of PM on morbidity or mortality
among different groups. Several studies have shown
that estimates of short-term PM effects on acute
mortality are increased for people with cardiovascu-
lar disease (8,11,15,55), preexisting respiratory
conditions (2,56), and older people with preexisting
respiratory or cardiovascular disease (57–59). For
example, Mark Goldberg and colleagues' HEI study
used the extensive health records compiled by the
Quebec government's health insurance program on
hospital admissions and doctor visits to evaluate the
underlying causes of mortality associated with PM
exposure (56). In the Montreal area, three daily meas-
ures of PM level (coefficient of haze, and levels of
sulfate and PM2.5) were associated with mortality
from acute lower, but not upper, respiratory disease,
any cardiovascular disease, and other nonaccidental
causes of death, including diabetes. This innovative
study provided additional evidence that people with
respiratory or cardiovascular disease are at risk from
PM exposure. It also suggested that individuals with
other diseases, such as diabetes, may also have an
increased risk of mortality when levels of air pollu-
tion increase. This is the first study to show that
people with diabetes may be particularly sensitive to
PM exposure, so these results require corroboration
in additional studies.

Other epidemiologic studies have suggested that ambi-
ent PM may affect pregnant women and their fetuses
and infants. The results include increases in low birth
weight and more infants born prematurely (60,61), and

an increase in infant and child mortality (62–64).

Some controlled-exposure studies in animals, particu-
larly those with characteristics that mimic certain
human cardiac and pulmonary conditions, support the
idea that some groups are more sensitive to the effects
of PM than others. For example, in their HEI study,
Günter Oberdörster and colleagues evaluated whether
inhaling ultrafine carbon and platinum particles for a
short time induced an inflammatory response in the
airways of healthy mice and rats; they also evaluated
the effects of these particles in mice and rats with
pulmonary conditions that modeled inflammatory
diseases such as chronic bronchitis and emphysema
(18). Using small numbers of animals and high expo-
sure concentrations, the investigators found that a six-
hour exposure induced a small inflammatory response
in the airways of mice and rats with pulmonary condi-
tions, but healthy young and old mice and rats showed
no response.

Several investigators have tried to determine whether
susceptibility to different air pollutants is, at least in
part, genetically determined (20,65–67). This ques-
tion has been explored in mice, because large
numbers of genetically identical individuals can be
obtained easily. In their HEI study, George Leikauf
and colleagues used several genetic and molecular
approaches to preliminarily characterize genes that
affect the response of different mice to continuous
inhalation exposure to toxic levels of nickel (20).
Using a genetic approach known as quantitative trait
locus analysis, the investigators showed that certain
regions on 5 to 6 distinct chromosomes controlled
the toxic response; one region correlated more
closely than others with the response. Candidate
genes in that region included an important lung
protein, surfactant protein B, and a cytokine, trans-
forming growth factor α. In addition, the investiga-
tors used gene microarray technology to analyze
simultaneously the expression of thousands of genes
in the lungs of susceptible and resistant mice during
exposure to nickel. They found that nickel exposure
produced complex effects on the expression of many
genes. Similar approaches may be informative about
the nature of genes involved in the human response
to air pollutants.
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Conclusions: Where Do We Go From Here?

As discussed above, results from epidemiologic and
experimental studies funded by HEI and other agencies
since the mid 1990s have:

1. Started to identify characteristics of particles that
may induce health effects. Researchers have
reported differential effects from particles of differ-
ent sizes and composition and have described the
health effects of PM components, including metals
and organic compounds.

2. Suggested plausible biologic mechanisms that may
underlie the reported associations between short-
term increases in PM levels and increases in
morbidity and mortality. Researchers have identi-
fied possible initial steps in pathways that may be
part of such mechanisms as the induction of
systemic and airway inflammatory responses,
changes in cardiac and vascular parameters, and
changes in neural pathways.

3. Identified certain groups in the population who
appear to be at increased risk from exposure to
PM. These include individuals with respiratory or
cardiovascular disease, older people, and possibly
other groups.

Although progress has been made in understanding the
connection between exposure to PM and adverse health
effects, many critical aspects are not yet understood. The
first concerns mechanisms: Over the last few years, we
have moved from a situation in which we lacked a cred-
ible pathophysiologic basis that could explain how
increases in PM levels might increase morbidity and
mortality to a situation in which PM has been reported
to evoke responses in multiple plausible pathways to
health effects. Further research is needed to determine
the relevance of these pathways, and of the endpoints
measured, to the induction of health effects at exposure
levels similar to ambient levels. Given the complexity of
the body's defenses, it is likely that no single mechanism
can account for all PM effects; rather, multiple biologic
pathways involving multiple tissues may be involved. In
addition, because the components of PM are so diverse,
it is also possible that different components of PM may
preferentially activate distinct pathways.

A second major concern is untangling the complexity and
variability of the PM mixture. Progress has been made in
identifying the potentially toxic effects of individual

components of the PM mixture, but critical questions
remain about the size and chemical composition of the
components that exert toxic effects. Information is needed
in these areas in order to address the important issue of
how to control emissions of PM from different sources.

Figure 3 illustrates the complexity of studying PM toxi-
city by showing a sample of the types of PM compo-
nents in the air, the range of study subjects of interest,
and health endpoints of potential relevance. It also
indicates the types of particles, the range of subjects,
and the endpoints evaluated in HEI's epidemiologic
and controlled-exposure studies. Other organizations
have supported studies that would fill in additional
spaces in the matrix, but the effects of many compo-
nents of the PM mixture have not been systematically
or exhaustively studied.

To date, studies supported by HEI and others have
strengthened evidence about the effects of particles on
health. On the basis of this evidence, government agen-
cies in North America and around the world are taking
actions to reduce particle emissions from all of the
major stationary and mobile sources. However, after
these efforts to reduce particle levels have made initial
progress, it is likely that even further efforts to reduce
emissions will be proposed. To best inform regulatory
standards focused on the most toxic particles, the agen-
cies must have the most accurate and complete infor-
mation possible about whether certain PM components
are more closely linked to adverse health effects than
other components, and if so, which particles (and
sources of those particles) are of the most concern.
Over the long term, targeted standards may affect fewer
types of emission sources and methods to control
specific components of emissions from affected sources
could be developed to meet the standards. 

Many studies are under way today to develop needed
information on the roles that size and chemical
composition of particles have in their toxicity. To
make significant headway in evaluating which charac-
teristics and sources of particles are of greatest
concern, however, results from previous experimental
and epidemiologic studies must be followed up more
systematically. The NMMAPS project discussed earlier
demonstrated that PM has different effects on mortal-
ity in different regions of the United States. These
differences are likely due, at least partially, to differ-
ences in the nature of PM in the different regions. One
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Figure 3. The complexity of studying PM effects shown using studies from HEI’s PM research program. The figure illustrates some types
of particles, a range of study subjects, and several health endpoints of interest. Each symbol indicates one type of subject that was
included in an HEI-funded epidemiologic or experimental study. 

A single study may be represented with more than one symbol; for example, the epidemiologic study by Lippmann and colleagues (17)
investigated the potential associations among levels of different-sized particles, acidity, and sulfate with daily mortality in the general
population and with hospital admissions among older people.  For this study and other epidemiologic studies, the general population is
represented by the symbol for healthy subjects; the general population, however, also contains susceptible groups.  



approach to developing better information about health
effects of different types of particles would be to
conduct a coordinated set of epidemiologic studies in
regions with differences in PM sources and, therefore,
in the nature of the particles. Such studies would
require detailed characterization of the ambient PM of
each region. Some information could be provided by
the EPA's Supersite PM monitors and speciation sites,
and by readily available high-quality morbidity and
mortality databases. A complementary set of experi-
mental studies in animals and humans, with exposure
to ambient air in the form of CAPs of different size
ranges, could be conducted in the same places and
include a much broader array of health endpoints than
epidemiologic studies. In addition to CAPs exposure,
the experimental studies could include model particles
of specific sizes and compositions designed to test
hypotheses about specific components of PM in the
ambient air. The matrix of subjects studied and the
range of endpoints measured in these studies would
have to be a carefully selected subset of the larger
matrix represented in Figure 3.

Developing a comprehensive coordinated research plan
at different sites that builds upon previous work will
require a major planning effort; carrying it out will
require a substantial investment over a number of years.
Nevertheless, providing this information would enable
future PM air quality regulations to target the sources of
the particles that are most likely to be contributing to
adverse health effects. This would ensure that future
investments in pollution control will have the largest
benefits for public health.
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